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 We compare emissions, meteorology and air quality over N. America in 2006 and 2010.
 Results provide context for evaluation of regional models under AQMEII-2 initiative.
 Reductions in emissions did not always result in reduced concentrations.
 Ozone higher in 2010 than in 2006 due to more favorable meteorological conditions.
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Several participants in Phase 2 of the Air Quality Model Evaluation International Initiative (AQMEII-2)
who are applying coupled models to the North American domain are comparing model results for two
years, 2006 and 2010, with the goal of performing dynamic model evaluation. From a modeling
perspective, the differences of interest are the large reductions in domain total emissions of NOx (21%)
and SO2 (37%) from 2006 to 2010 and signiﬁcant differences in meteorological conditions between these
two years. The emission reductions occurred mostly in the eastern U.S, with some reduction in emissions
from western wildﬁres in 2010. Differences in meteorological conditions both confound the impact of
emission reductions on ambient air quality and provide an opportunity to examine how models respond
to changing meteorology. This study is aimed at documenting changes in emissions, modeled large-scale
background concentrations used as boundary conditions for the regional models, and observed meteorology and air quality to provide a context for the dynamic model evaluation studies performed within
AQMEII-2. In addition to warmer summer temperatures, conditions in the eastern U.S. summer of 2010
were characterized by less precipitation than in 2006, while western portions of the U.S. and Canada
were much cooler in 2010 due to a strengthening of the thermal trough over the Southwest and associated onshore ﬂow. Summer ozone levels in many portions of the Northeast and Midwest were largely
unchanged in 2010 despite reductions in precursor emissions. Normalization of the ozone trend, to
account for differences in meteorological conditions, including warmer summer temperatures in 2010,
shows that the emission reductions would have resulted in lower ozone levels at these locations if not for
the countervailing inﬂuence of meteorological conditions. Winter mean surface temperatures were
generally above average in 2006 whereas below average temperatures were noted in the Southeast and
northern plains in 2010, consistent with a greater frequency of cold arctic air outbreaks. In general,
changes in observed air quality as measured at U.S. monitoring sites appear to be consistent with differences in emissions and meteorological conditions between 2006 and 2010. Two potential inconsistencies were noted which warrant further investigation: 1) an increase in particulate nitrate during
the winter in the Midwest despite lower emissions of NOx and 2) lower than expected SO2 reductions in
the Southeast during the winter.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Development of accurate models for simulating atmospheric
trace gas composition is a key component of an effective air quality
management program. The Air Quality Model Evaluation International Initiative (AQMEII) was developed to fulﬁll the need to both
better understand uncertainties in regional-scale model predictions and to foster continued model improvement by providing
a collaborative, cross-border platform for model development and
evaluation in North America and Europe (Galmarini and Rao, 2011).
While Phase 1 of the AQMEII focused on evaluation of ofﬂine air
quality models forced by results from separately executed meteorological models (Galmarini et al., 2012), Phase 2 of AQMEII
(AQMEII-2) focused on evaluation of online-coupled models
capable of simulating feedbacks between atmospheric trace gas
composition and meteorological conditions. AQMEII-2 included the
option for participants to evaluate model performance for two individual calendar years: 2006 and 2010. As emissions from
anthropogenic sources were reduced substantially during the interval between these two years, comparing model results for 2006
with 2010 provides an opportunity to examine the ability of
coupled models to simulate the impact of emission reductions on
both air quality and the potential feedbacks from air quality - to
meteorology. More generally, comparing model predictions across
multiple years allows dynamic model evaluation, i.e. assessing the
models' ability to respond to changes in forcing factors (Dennis
et al., 2010).
Regional scale online-coupled models are driven by estimates of
trace gas and particulate matter emissions and meteorological and
chemical boundary and initial conditions. Changes in these inputs
between 2006 and 2010 drive the 2006e2010 differences in predicted air quality. It is therefore important to understand observed
changes in air quality and meteorological conditions between the
two years in order to better understand the model results and

Fig. 2. U.S. sub-regions used to summarize emissions and air quality.

provide a context for dynamic model evaluation studies. We present here a summary of the key observed meteorological and air
quality features of 2006 and 2010 together with a summary of the
emission inventories and large-scale modeled air quality ﬁelds
Table 1
Fractional changes in annual U.S. emissions [(2010e2006)/2006] by sub-region
(non-U.S. emissions in the North America modeling domain are unchanged).

Midwest
Northeast
Plains
South-Central
Southeast
West
West Coast
TOTAL:

CO

NH3

NOx

PM10

PM2.5

SO2

VOC

20%
25%
6%
15%
23%
50%
37%
26%

1%
1%
1%
1%
0%
16%
13%
3%

25%
22%
18%
11%
25%
19%
25%
21%

5%
1%
5%
1%
0%
22%
36%
9%

7%
3%
10%
4%
0%
46%
50%
14%

36%
44%
17%
11%
52%
26%
25%
37%

7%
11%
3%
2%
9%
36%
33%
13%

Fig. 1. Winter (Win) and summer (Sum) mean daily emissions for 2006 and 2010 used in AQMEII-2 simulations for U.S. regions deﬁned in Fig. 2 (biogenic VOC and NOx emissions
are not included).
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Table 2
Reductions in NOx emissions by 2010 relative to 2006 levels for U.S. regions (CEMS
point source emissions values obtained from continuous emission monitoring data).
NOx

CEMS point sources

All sources

% change

Winter

Summer

Winter

Summer

Midwest
Northeast
Plains
South-Central
Southeast
West
West Coast

54%
37%
35%
8%
55%
23%
26%

7%
6%
29%
13%
36%
26%
1%

30%
21%
20%
11%
26%
16%
22%

16%
19%
17%
11%
22%
22%
27%

used to specify chemical boundary conditions used by all AQMEII-2
participants. As modeling of both 2006 and 2010 has thus far only
been conducted by AQMEII-2 participants for the North American
domain, our analysis focusses on North America. Moreover, as
discussed in the next section, year speciﬁc emission information for
2006 and 2010 was available only for the U.S., therefore the analysis
of emissions and observed air quality is limited to the U.S. Comparisons of observed meteorological and air quality conditions with
model predictions are not included in this paper but are the subject
of several companion papers (Campbell et al., 2015; Hogrefe et al.,
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2015; Wang et al., 2015); the current study provides context for
these studies.
2. Materials and methods
2.1. Air quality
Air quality observations from all available monitoring sites in
the U.S. for 2006 and 2010 were extracted from the U.S. Environmental Protection Agency (EPA) Air Quality System (AQS) and
processed into seasonal means by Hogrefe et al. (2015). Seasons
were deﬁned by month as follows: winter (DecembereFebruary),
spring (MarcheMay), summer (JuneeAugust) and fall (SeptembereNovember). Monitoring data from sites in Canada and Mexico
were not included in this study because year speciﬁc emissions for
2006 and 2010 were only available for the U.S. (Section 2.2) and the
resulting air quality impacts are expected to be most pronounced at
U.S. monitoring locations. Daily maximum running 8-hour average
ozone concentrations (MDA8O3) were extracted from AQS and
averaged over each season. Sites with less than 75% valid MDA8O3
for a season were excluded from the analysis. Daily average PM2.5
concentrations were obtained from both 24-hour averages of
continuous PM2.5 monitors which report hourly data and 24-hour

Fig. 3. Difference (2010e2006) in seasonal mean mid-tropospheric (~750 mb) ozone concentrations (ppb) as predicted by IFS-MOZART.

Fig. 4. Difference (2010e2006) in seasonal mean mid-tropospheric (~750 mb) ﬁne dust concentrations (mg/m3) as predicted by IFS-MOZART.
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integrated (ﬁlter-based) PM2.5 measurements; the daily averages
were then averaged over each season. Seasonal averages based on
PM2.5 sites which report hourly data were excluded if less than 75%
of hours had valid data, PM2.5 sites with either daily or 1-in-3 day
sampling schedules were excluded if fewer than 75% of schedule
sample days had valid daily averages; PM2.5 sites with 1-in-6 day
sampling schedules were excluded if fewer than 15 valid samples
were reported for the season. Hourly SO2 data were averaged over
each season and sites with less than 75% valid hourly values were
removed from the analysis.

emissions generally differ from one model to the next, but were not
included here given our focus on characterizing forcings common
to all models (i.e., anthropogenic emissions and large-scale background concentrations used to specify chemical boundary conditions) as well as observed meteorological and air quality conditions.
We note, however, that the bio- and geogenic emissions derived
within the coupled models were likely inﬂuenced by the
2006e2010 differences in meteorological conditions.

2.2. Emissions

Meteorological data were obtained from two sources: 1) gridded
(approximately 12 km horizontal resolution) 2006 and 2010 seasonal means for key surface and upper air parameters and cumulative precipitation data were obtained from initialization ﬁelds for
the North American Model via the NOAA NOMADS server (Rutledge
et al., 2006) and 2) seasonal anomalies were obtained from the
NCEP/NCAR 40-year Reanalysis data (Kalnay and Coauthors, 1996)
via the NOAA/ESRL Physical Sciences Division, Boulder Colorado
from their Web site at http://www.esrl.noaa.gov/psd/.

Gridded, hourly, model-ready emissions for 7 species (CO, NH3,
NOx, PM10, PM2.5, SO2, VOC) and 20 major anthropogenic source
categories were extracted from data ﬁles used by all AQMEII-2
North American domain participants (Pouliot et al., 2015), processed into seasonal totals, and then divided by the number of days
in each season to obtain daily average emissions by season for each
U.S. state and for Canada and Mexico. For model grid cells which
straddle state or country boundaries, non-point source emissions
were assigned to the state or country accounting for the majority of
the grid cell area. Given the relatively small 12 km horizontal grid
resolution, the resulting emission allocation errors are negligible.
Point sources were assigned to states and countries based on their
actual location.
Biogenic and geogenic emissions, which can have signiﬁcant
impacts on air quality, were not provided as a priori emission inputs, rather AQMEII-2 participants were expected to derive the
emissions using coupled models. In-line calculations of these

2.3. Meteorology

3. Results
3.1. Emissions
Modeling of the North American domain by AQMEII-2 participants used emission inventories for 2006 and 2010 derived from
U.S. EPA's 2008 emissions modeling platform with year-speciﬁc
adjustments to activity levels and emission factors for on-road
and off-road mobile sources, use of year-speciﬁc continuous

Fig. 5. Difference (2010e2006) in seasonal mean MDA8O3 ozone concentrations (ppb) during winter (top) and summer (bottom) at U.S. monitoring sites.
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emissions monitoring systems (CEMS) data for the large point
sources where CEMS data were available, and year-speciﬁc ﬁre
emissions estimates. Updated estimates of Canadian emissions and
Mexican emissions developed for 2006 were used without
adjustment in the 2010 inventory (Pouliot et al., 2015). Thus the
only differences between the 2006 and 2010 modeling inventories
are changes to mobile sources, CEMS point sources and ﬁre emissions in the U.S. For this reason, the following discussion of emission changes is limited to U.S. emissions and the subsequent
discussion of observed differences in air quality is focused on the
U.S as well. Biogenic and wind-blown dust emissions were calculated on-line by each modeling group and were not available for use
in this study.
Signiﬁcant reductions in emissions from electric power generation occurred between 2006 and 2010 in the eastern U.S. as reﬂected in summaries of total U.S. sub-regional emissions (Fig. 1;
sub-region deﬁnitions in Fig. 2). Seasonal reductions of 31%e52%
occurred in SO2 and 22%e15% in NOx in the Midwest, Northeast,
and Southeast (Table 1). SO2 emissions also decreased in other subregions but by smaller amounts. Comparable NOx reductions
occurred in other sub-regions except for a smaller (11%) reduction
in the South-Central sub-region. NOx reductions varied seasonally
for the large sources with CEMS (mostly electric utilities) as shown
in Table 2. Utilities in the Midwest and Northeast already had signiﬁcant controls in effect during the summer season by 2006 and
only minor additional summer season reductions occurred by 2010
whereas large reductions occurred year-round between 2006 and
2010 in the Southeast where summer season controls had not
previously been widely applied. Winter season NOx reductions for
large point sources with CEMS were more comparable across these
regions, reﬂecting the expansion of ozone focused summer season
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NOx controls to year round controls aimed at reducing PM2.5 under
the Clean Air Interstate Rule (CAIR). Nevertheless, total NOx emission reductions were similar in winter and summer in the Northeast as the seasonal difference in the utility emission reductions is
diluted by large but seasonally invariant reductions in mobile
sources and the (assumed) 0% change in area source emissions.
PM2.5 emissions showed little change overall except in the
western sub-regions. Both PM and anthropogenic VOC emissions
were strongly elevated in the summer of 2006 in the West due to
major wildﬁres: in the 13 western states, 6.7 million acres burned
in 2006 as compared to 1.5 million acres in 2010 (NIFC, 2014). Apart
from the inﬂuence of ﬁres, there were small reductions in on-road
and off-road mobile source VOC emissions.
3.2. Boundary conditions
Chemical boundary conditions for a number of gas phase species
as well dust, elemental carbon, organic carbon, and sulfate used in
the coupled model simulations performed by each AQMEII-2
participating group were derived from global ﬁelds generated under the MACC project using the IFS-MOZART modeling system
which also incorporated satellite data for selected variables (Inness
et al., 2013). Boundary conditions (BCs) can have a signiﬁcant
impact on regional model predictions (Schere et al., 2012) and
therefore differences between 2006 and 2010 in IFS-MOZART
simulations over North America, in particular over inﬂow regions,
can be expected to signiﬁcantly contribute to differences in regional
model predictions. While quantitative estimates of the impact of
changed BC between 2006 and 2010 on changes in total pollutant
loadings in the North America simulations were not available at the
time of this analysis, Hogrefe et al. (2015) present a sensitivity study

Fig. 6. Change (2010e2006) in seasonal mean SO2 concentration (ppb) during winter (top) and summer (bottom) at U.S. monitoring sites.
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towards changed BC for January and July 2006 while Giordano et al.
(2015) compare pollutant concentrations simulated by IFSMOZART and the AQMEII-2 regional models for 2010 to estimate
the degree to which BC affect regional simulations. In this study, we
complement their analyses by presenting comparisons of IFSMOZART seasonal mean mid-tropospheric predictions over North
America to gain some insight into the likely inﬂuence of large-scale
background changes between 2006 and 2010 on the regional model
predictions based on the assumption that mid-tropospheric conditions are roughly indicative of impacts of BC tendencies on concentrations at the surface.
IFS-MOZART mid-tropospheric seasonal mean ozone is generally lower in 2010 as compared to 2006; the decreases are smaller
during the summer (generally less than 5 ppb though as large as
10 ppb in some inﬂow regions over the Paciﬁc, Canada and the Gulf
of Mexico) but larger during the rest of the year with winter and
spring decreases reaching 10e20 ppb over the Paciﬁc and Canada
(Fig. 3). Mid-tropospheric ﬁne dust was predicted by IFS-MOZART
to be signiﬁcantly lower during the summer and fall of 2010 as
compared to 2006 but during spring dust levels over the Paciﬁc
(which are typically transported westward towards the U.S.) were
higher in 2010, potentially indicating greater inﬂux of ﬁne dust over
the North American west coast. Spring dust levels over the interior
west and eastern U.S. were nevertheless lower, suggesting reductions in windblown dust emissions simulated by the IFSMOZART system over most of the U.S. in 2010 outweighed any inﬂuence of long-range transport (Fig. 4). Examination of seasonal
mean IFS-MOZART ﬁne dust patterns in 2006 and 2010 (not shown)
indicates that the pattern of 2010e2006 differences seen in Fig. 4 is
due primarily to the presence of a more concentrated Asian dust
plume stretching further west across the Paciﬁc coupled with less

dusty conditions over the Great Plains in 2010 presumably due to
meteorological conditions less conducive to the formation of
windblown dust. The summer mean IFS-MOZART ﬁne dust maps
are also suggestive of less African dust reaching the U.S. during the
summer of 2010. The spring spatial pattern of mid-tropospheric
sulfate aerosol 2010e2006 differences predicted by IFS-MOZART
(Fig. S3) also shows enhanced transport across the Paciﬁc in 2010
relative to 2006, consistent with a meteorological regime more
favorable to eastward transport in 2010 although higher emissions
of both sulfate and dust in Asia may have been a contributing factor.
Organic matter and ﬁne sea salt 2010e2006 differences in the IFSMOZART ﬁelds were small except for localized large decreases in
summer organic matter in western ﬁre areas (not shown).
3.3. Observed air quality
Signiﬁcant differences are evident in observed air quality conditions in the U.S. between 2010 and 2006. Summer mean MDA8O3
concentrations were generally lower in 2010 than in 2006 except
for the Northeast and upper Midwest where there were increases at
many sites along the Washington to Boston urban corridor and in
the Chicago area, and near zero (±2 ppb) changes away from the
major urban areas (Fig. 5). Increases also occurred in extreme
southeastern California, Phoenix, and at one site in southwestern
Colorado. Similar spatial patterns are seen in 2010e2006 differences in the annual 4th highest MDA8O3, the contiguous three year
average of which is the summary statistic referenced in the U.S.
EPA's primary (health-based) National Ambient Air Quality Standard (Fig. S1). Winter mean MDA8O3 concentration differences
(2010e2006) are mixed: increases were observed at most eastern
urban sites while a combination of increases and decreases

Fig. 7. Change (2010e2006) in seasonal mean PM2.5 (mg/m3) during winter (top) and summer (bottom) at U.S. monitoring sites.
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occurred in the west. Note that fewer ozone monitoring sites
operate during the winter as compared to the summer.
Summer and winter mean SO2 concentrations generally
declined in the Northeast and upper Midwest between 2006 and
2010 with smaller reductions in the Southeast although increases
were observed at isolated sites (Fig. 6). Many SO2 monitors are
located near large sources and may thus be more inﬂuenced by
emission changes occurring for a variety of reasons at the individual
sources rather than at a region-wide level.
Summer mean PM2.5 concentrations decreased at many sites
throughout the U.S. (Fig. 7). Of the sites shown having differences
falling within ±2 mg/m3, the sites in the Florida peninsula in
particular (where African dust impacts are most noticeable) all
showed negative differences, consistent with the IFS-MOZART
simulation results (Fig. 4). Winter mean concentrations also
decreased in the major urban areas in the Northeast, upper Midwest and the far west but increased or were largely unchanged
elsewhere with increases most notable in central Ohio, central
Indiana, Iowa, Minnesota, and a few locations in the Intermountain
West. Annual 98th percentile daily maximum PM2.5 concentration
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(which is the design value referenced in U.S. EPA's NAAQS), showed
a mixed pattern of increases and decreases, depending on local
conditions (Fig. S2).
3.4. Meteorological conditions
Meteorological conditions during 2006 and 2010 differed
markedly in both the winter and summer seasons. Winter surface
temperatures were below normal in the Southeast and northern
plains during 2010. In contrast, the winter of 2006 was generally
warmer than average (Fig. 8). Wind speeds were also generally
lower in the winter of 2010. Winter sea-level pressure patterns
(Fig. 10) are consistent with greater northerly component winds
during 2010 as compared to 2006 in the eastern U.S. and Canada.
This enhanced ﬂow out of the north is consistent with the negative
temperature anomalies shown in Fig. 8. Winter precipitation patterns were generally similar in 2006 and 2010 but with more
precipitation in California during 2006 (Fig. 11).
Summer surface temperatures were above normal and wind
speeds were below normal in the eastern U.S. in 2010 as compared

Fig. 8. Surface wind speed (top) and temperature (bottom) anomalies for winter 2006 (left) and 2010 (right). Image provided by the NOAA/ESRL Physical Sciences Division, Boulder
Colorado from their Web site at http://www.esrl.noaa.gov/psd/.
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to 2006 whereas most of the central and western US and Canada
experienced above normal temperatures and near normal to below
normal wind speeds in 2006 (Fig. 9). This pattern is consistent with
a stronger surface pressure gradient between the paciﬁc southwest
high and thermal trough over the Southwest during the summer of
2010 (Fig. 10), which created stronger northwest ﬂow along much
of the west coast. Surface pressures were higher than average and
pressure gradients less tight in the Southeast during summer 2006
as compared to 2010. Summer precipitation throughout much of
the eastern U.S. and Canada was lower in 2010 as compared to 2006
(Fig. 11).
4. Discussion
Results presented in the previous section show the 2006 and
2010 differed substantially in terms of emissions, boundary conditions, meteorological conditions and observed air quality. Large
reductions in SO2 and, to a lesser extent, NOx emissions in 2010
relative to 2006 would, in the absence of other factors, be expected
to result in signiﬁcant reductions in SO2 and sulfate and nitrate PM
concentrations. O3 reductions would also be expected in at least
some locations as a result of NOx and VOC emission reductions.

Factors potentially modulating these expected changes in ambient
concentrations include the inﬂuences of large-scale background
concentrations speciﬁed through boundary conditions, meteorology, and changes in the efﬁciency of secondary PM and O3 formation from precursor species via non-linear chemical reactions.
Meteorological conditions during 2010 differed in signiﬁcant
ways from 2006 as described in Sec. 3.4 and these differences can
be expected to have inﬂuenced differences in ambient air quality.
Stronger high pressure in the Southeast, warmer temperatures and
below normal precipitation in the eastern U.S. and lower wind
speeds along the East Coast during the summer of 2010 suggest
greater stagnation and more favorable conditions for primary
pollutant buildup and ozone formation throughout much of the
East in 2010 as described below. During 2006 on the other hand,
above normal temperatures and lower wind speeds prevailed in
much of the central and western U.S., suggesting conditions
potentially more favorable to ozone formation in these locations as
compared to 2010. Colder temperatures and lighter average winds
in the northern plains and southeast during winter 2010 as
compared to 2006 are conducive to shallow mixing layers and
reduced dispersion. These conditions may have contributed to the
higher SO2 concentrations during the winter of 2010 seen at some

Fig. 9. Surface wind speed (top) and temperature (bottom) anomalies for summer 2006 (left) and 2010 (right). Image provided by the NOAA/ESRL Physical Sciences Division,
Boulder Colorado from their Web site at http://www.esrl.noaa.gov/psd/.
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monitors in these areas (Fig. 6). Enhanced precipitation along the
California coast in the winter of 2010 is consistent with stormier
weather and associated stronger mixing and marine air mass inﬂuence, suggesting a reduced occurrence of winter stagnation
events and may have contributed to lower pollutant concentrations
as see, for example, for PM2.5 (Fig. 7).
Lower IFS-MOZART predicted mid-tropospheric ozone in 2010
(Fig. 3) over inﬂow regions suggests lower BC ozone inﬂux with
concentrations as much as 10e20 ppb lower during non-summer
months and 5e10 ppb lower during the summer. However,
observed surface ozone concentrations in the U.S. are not uniformly
lower in either season. Factors inﬂuencing 2010e2006 ozone differences are discussed later in this section. IFS-MOZART midtropospheric ﬁne dust and sulfate aerosol patterns described in Sec.
3.2 appear consistent with the observed stronger, more zonal mean
700 mb ﬂow producing more westward transport over the Paciﬁc
and looser 700 mb height gradients over the Great Plains (consistent with less windblown dust) in 2010 (not shown). Differences in
IFS-MOZART ﬁne dust and sulfate aerosol patterns between 2006
and 2010 suggest BCs likely contributed 0.5e2 mg/m3 more ﬁne PM
during the spring (especially in the western U.S. and Canada) but
summer PM levels in the interior West and eastern portions of the
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domain were likely driven lower by a similar size reductions in BC
concentrations within the characteristic summer southwest
monsoon in the West and prevailing southeasterly ﬂow in the
Southeast, respectively. Summer PM2.5 concentrations were lower
at surface monitoring sites in both regions in 2010 although
determining the degree to which the cleaner BCs contributed to
this reduction will require further analysis.
Comparison of 2006e2010 changes in SO2 emissions (Fig. 1) and
seasonal mean concentrations (Fig. 6) suggest there may be some
mismatches between emission reductions and concentration reductions for this primary pollutant. Regional comparisons of SO2
reductions in the inventory with changes in sub-region average
seasonal mean concentrations for winter and summer are shown in
Fig. 12. As shown in Fig. 1, emissions in the Midwest, Northeast, and
Southeast sub-regions are much larger than in other sub-regions so
the comparisons in Fig. 12 are most useful for these three subregions; concentrations and relative changes in concentrations in
the other sub-regions are likely inﬂuenced by outliers and emissions transported from upwind areas. During the summer, relative
concentration reductions were roughly similar to the emission reductions. Concentration reductions during the winter were also
similar to the emission reductions in the Midwest and Northeast. In

Fig. 10. Winter (top) and summer (bottom) season mean sea level pressure for 2006 (left) and 2010 (right); data from NCEP NAM analysis ﬁeld via NCDC NOMADS GrADS server
(http://nomads.ncdc.noaa.gov/dods/NCEP_NAM_ANALYSIS/Anl_Complete).
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the Southeast, however, the 45% reduction in emissions far exceeds
the 16% reduction in average ambient concentration. Over 80% of
the SO2 emissions in the Southeast for 2006 (and over 95% of the
2006e2010 SO2 emission reductions) are attributed to CEMS
sources where stack emissions are directly measured, so any errors
in the emission totals are likely to be minor. Examination of the
ambient monitoring data reveals large inter-site variability in SO2
trends, suggesting that intra-sub-regional differences in seasonal
emission patterns coupled with the relatively sparse SO2 monitoring network could be responsible for the apparent inconsistency.
Enhanced stagnation, consistent with the colder temperatures and
lighter winds in the winter of 2010 (Fig. 8) may have further
contributed to the less than expected reduction in SO2 concentrations. AQMEII-2 model performance results for SO2 should be
examined closely for the Southeast region to verify if the emissions
and ambient trends are actually consistent with each other.
Differences (2010e2006) in seasonal mean PM2.5 concentrations show spatial inhomogeneities during winter (Fig. 7) which
appear inconsistent with reductions in SO2 and NOx emissions
(Fig. 1). Seasonal mean PM2.5 speciation data calculated from observations collected at CSN and IMPROVE network monitoring sites
as provided by Hogrefe et al. (2015) were examined to determine

which PM species contributed to the different trends in winter
mean PM2.5 in the Northeast, where PM2.5 mass was generally
2e6 mg/m3 lower in 2010 in both summer and winter, as compared
to the Midwest where PM2.5 was higher in 2010 at most sites during
the winter but lower during the summer. This analysis was
restricted to 15 sites with valid data in both 2006 and 2010 in 5
Midwest states (IL, IN, IA, MN, OH) and 4 Northeastern states (MA,
NH, RI, VT). Results for elemental carbon (EC), NH4, NO3, organic
carbon (OC), SO4, total carbon (TC), soil particles and other PM mass
are summarized in Fig. 13 (see RTI, 2013 for details of data collection
and analysis methods). Winter PM increases in the Midwest were
found to be associated with a 60% increase in the average NO3
concentration and a 28% increase in the average NH4 concentration
whereas SO4 declined slightly (5%). Changes in the remaining
species were smaller except for an average 14% reduction in unidentiﬁed (“Other”) PM. However, valid values of Other PM were
only available at 7 of the 15 monitoring sites where valid NO3, SO4
and NH4 differences could be calculated and may not be representative of average changes over the full 15 site network. In the
Northeast, on the other hand, reductions were observed in all
species during the winter. Changes in PM component species were
similar between the two sub-regions during summer. Inspection of

Fig. 11. Cumulative total precipitation for winter (top) and summer (bottom) in 2006 (left) and 2010 (right); data from NCEP NAM 6-hour precipitation analysis ﬁeld via NCDC
NOMADS GrADS server (http://nomads.ncdc.noaa.gov/dods/NCEP_NAM_ANALYSIS/6hr_Pcp).
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Fig. 12. Comparison of 2006e2010 sub-regional relative changes (2010/2006e1) in
SO2 emissions and sub-regional average SO2 concentrations for winter (top) and
summer (bottom).

seasonal mean species concentrations (Table 3) shows that summer
particulate nitrate mass is low, consistent with greater partitioning
of total NO3 as HNO3 under warmer temperatures.
The observed large, year round reductions in SO4 concentrations
in the Northeast are consistent with the SO2 emission reductions
shown in Fig. 1. A similar relationship is seen during summer in the
Midwest but winter mean SO4 concentrations declined only
slightly as noted above despite a 32% reduction in Midwest winter
SO2 emissions. In contrast, reductions in winter mean SO2 concentrations in the Midwest (averaged over 82 sites with valid data
in both years) are on par with the Midwest winter SO2 emission
reductions (Fig. 12). Assuming SO4 neutralization was not limited
by availability of free ammonia, particulate SO4 formation must
have responded to factors which overrode the inﬂuence of lower
SO2 emissions. In fact, 2010e2006 SO4 concentration differences
ranged from 32% to þ36% over the 15 monitoring sites included in
this analysis, indicating a wide variation in SO4 formation efﬁciencies. The correlation between relative SO2 and SO4 changes at
the 6 sites with co-located measurements is very poor (R2 < 0.01),
also indicating variable local inﬂuences of meteorological and
chemical conditions on SO2 oxidation during winter. Winter NOx
emissions decreased 30% in the Midwest (Table 1) while NH3
emissions were nearly unchanged in the modeling inventory. Particulate NH4 increased at all but one site and increases in NO3 are
closely correlated with the increases in NH4 (r2 ¼ 0.84) although
the regression ﬁt shows a 2.3 mg/m3 increase in NO3 for each 1 mg/
m3 increase in NH4, well below the 3.4:1 NO3/NH4 molar mass ratio
for NH4NO3.
Stanier et al. (2012) studied winter NO3 episodes in Wisconsin
and identiﬁed a relationship between elevated NO3, snow cover
and near freezing temperatures which promote fog formation and
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stabilization of the boundary layer. While the causality chain
resulting in the winter NO3 episodes remains uncertain, it is
interesting to note that the 2009e2010 winter was exceptionally
snowy in many parts of the eastern U.S., including the Midwest
(NCDC, 2010), thus suggesting the conditions found by Stanier et al.
to be favorable for elevated NO3 concentrations may have been
more prevalent in 2010. The simple fact that colder temperatures
prevailed during the 2010 winter may also have reduced NO3
volatilization relative to winter 2006. AQMEII-2 modeling results
should be examined to determine if the 2010 upper Midwest particulate NO3 increase is reproduced in the simulations. Diagnostic
analyses of model results may shed further light on the underlying
causes of the winter NO3 increase.
Ozone concentration differences between 2010 and 2006 shown
in Fig. 5 exhibit distinctive regional patterns resulting from a
combination of ozone sensitivity to NOx emission reductions,
boundary conditions, and meteorological conditions. Higher winter
mean MDA8O3 in eastern urban areas in 2010 may be linked to
reduced titration by NO e which is more of a controlling factor
during wintereas a result of lower NOx emissions (Fig. 1). Mixed
trends in winter ozone levels at rural locations (Fig. S4) suggest
either that local conditions overwhelmed expected reductions from
lower large-scale background ozone levels or that the IFS-MOZART
predictions of lower background ozone in 2010 are not valid. During summer, the higher temperatures in most U.S. locations east of
the Mississippi River and lower wind speeds along the East Coast in
2010 (Fig. 9) are consistent with conditions generally more favorable to ozone formation (NRC, 1991). As a result, any ozone reductions resulting from emission decreases or reductions in largescale background ozone in 2010 may have been masked by the
more favorable meteorological conditions. BC inﬂuences during the
summer peak ozone season in eastern North America are generally
at a minimum in any case (EPA, 2013). Camalier et al. (2007)
developed a generalized linear model (GLM) from historical data
relating MDA8O3 in major U.S. cities to key meteorological parameters and used the ﬁtted model to calculate adjusted multi-year
trends in summer (MayeSeptember) mean MDA8O3 that
compensate for year-to-year variations in meteorological conditions. Analysis of the GLM ﬁts by Camalier et al. showed that a set of
eight meteorological variables related to temperature, relative humidity, vertical stability and wind patterns are the most important
variables associated with ozone at most locations. Model ﬁts to
MDA8O3 were best in eastern U.S. cities with weaker correlations
in other U.S. cities. Adjustments calculated from the GLM model ﬁts
to the maximum MDA8O3 across the monitoring network in each
U.S. city (based on Core-Based Statistical Areas or CBSAs as deﬁned
by the U.S. Census Bureau) and to the MDA8O3 at each rural site
included in the CASTNET monitoring network have been computed
by U.S. EPA (http://www.epa.gov/airtrends/weather.html). The
adjusted values were calculated as the GLM model prediction of the
MayeSeptember mean MDA8O3 concentrations after removing the
variability due to meteorological effects (i.e., the GLM prediction
when all daily meteorological parameter values for a given location
are set equal to their long-term mean). The top row of Fig. 14 shows
the magnitude of the meteorological adjustment for 2006 and 2010
(computed as difference between the unadjusted and adjusted
seasonal mean MDA8O3 concentrations), positive values indicate
regions where meteorological conditions increased ozone concentrations over what they would have been under more typical
conditions while negative values indicate the opposite. The bottom
row shows the difference in these adjustments between 2010 and
2006 with positive values indicating regions where the changes in
meteorological conditions between 2006 and 2010 led to an ozone
increase and vice versa. These results conﬁrm the hypothesis that
conditions more favorable for ozone formation occurred in 2010 as
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Fig. 13. Tukey box plots (outliers not shown) of PM2.5 species concentration differences (2010e2006; mg/m3) as measured at CSN sites in the Northeast (left) and Midwest (right)
during winter (top) and summer (bottom).

compared to 2006 in the Northeast, Mid-Atlantic and Midwest
regions with mostly near zero to 3 ppb adjustments elsewhere.
Application of these meteorological adjustment factors to the 2006
and 2010 ozone data shows that ozone is lower in nearly all urban
Table 3
Winter and summer mean SO4 and NO3 concentrations (mg/m3) in 2006 and 2010
from CSN monitoring data for Northeastern states (Region 1) and ﬁve Midwestern
states (Region 2) during winter and summer.
SO4
Region
Northeast
Midwest
Northeast
Midwest

2006
Winter
2.90
2.57
Summer
5.33
4.57

NO3
2010

2006

2010

2.14
2.47

2.54
3.36

2.27
4.56

3.54
3.35

0.521
0.582

0.550
0.743

areas throughout the U.S. in 2010 compared to 2006 after
compensating for meteorological inﬂuences (Fig. 15), consistent
with the lower NOx and VOC emissions noted in Sec. 3.1. Photochemical model results should be analyzed to verify that they
reproduce this meteorological impact on predicted ozone trends.
5. Summary and conclusions
Several participants in the AQMEII-2 collaboration who are
applying coupled models to the North American domain are
comparing model results for two very different years: 2006 and
2010 (Campbell et al., 2015; Hogrefe et al., 2015; Wang et al., 2015).
While the key differences of interest between these two years from
a modeling perspective are the predicted air quality impacts of the
large reductions in emissions of NOx (21%) and SO2 (36%) which
occurred mostly in the eastern U.S. and the lower emissions from
wildﬁres in the western U.S., meteorological conditions and model
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Fig. 14. Meteorological adjustment factors (observed ozone e adjusted ozone) for 2006 (top left) and 2010 (top right) and difference (2010e2006) in the adjustment factors
(bottom) as applied to MayeSeptember mean MDA8O3 ozone.

boundary conditions (BCs) also differed signiﬁcantly between these
two years. Differences in meteorological conditions both confound
the impact of emission reductions on ambient air quality and
provide an opportunity to examine how models respond to
changing meteorology. Similarly, the contribution of differences in
pollutant ﬂuxes into North America to observed and simulated air
quality also need to be taken into account. To provide information
needed to put model results in perspective and aid AQMEII-2
modeling groups with their evaluations of model performance,
we undertook a comparison of emissions, large-scale background
concentrations simulated by a global model used to specify BCs for
the AQMEII-2 regional models, and observed air quality and
meteorological conditions between the two modeled years. Results
of our analysis showed that signiﬁcant differences are evident in
observed air quality between 2006 and 2010 based on data
collected at U.S. monitoring sites and that meteorological variations

and potentially changes in large-scale background concentrations
can mask the expected inﬂuence of emission reductions in some
cases.
Meteorological conditions in 2010 differed from 2006 in a
number of ways, including higher summer surface temperatures in
the eastern U.S. Summer precipitation throughout much of the
eastern U.S. and Canada was lower in 2010 which may have reduced
the beneﬁts of emission reductions. Winter mean surface temperatures were generally above average in 2006, whereas in 2010,
below average temperatures were noted in the Southeast and
northern plains, consistent with a greater frequency of cold arctic
air outbreaks.
Despite the reductions in anthropogenic ozone precursor
emissions, changes in summer mean and annual 4th highest daily
maximum 8-hour average ozone concentrations were limited to
±2 ppb in many parts of the Northeast and Midwest although larger

Fig. 15. Unadjusted (left) and meteorologically adjusted (right) change (2010e2006) in U.S. urban area MayeSeptember mean MDA8O3.

402

T.E. Stoeckenius et al. / Atmospheric Environment 115 (2015) 389e403

reductions were found in the Southeast. Inter-annual comparisons
of meteorological factors known to inﬂuence ozone levels suggested that conditions, including higher temperatures in the
eastern U.S., were more favorable for ozone production in 2010,
largely masking the inﬂuence of reduced emissions. Removing the
inﬂuence of these differences in meteorological conditions using
the regression model developed by Camalier et al. (2007)
conﬁrmed that ozone would have been lower in 2010 than in
2006 if meteorological conditions had been similar during the two
summers.
A marked seasonal difference in ambient PM2.5 concentration
changes between 2006 and 2010 was noted with winter mean
concentrations higher in 2010 at many locations and particularly in
the Midwest despite lower emissions of SO2 and NOx and little
change in primary PM, NH3 or anthropogenic VOC emissions. In
contrast, summer PM2.5 concentrations were lower throughout
most of the U.S. in 2010 with reductions in the western U.S. likely
due in part to the large reduction in wildﬁres. The Midwestern
winter PM2.5 increases appear to have been primarily driven by
higher particulate NO3 levels, the underlying cause of which are not
immediately apparent and will require further analysis.
Reductions in ambient SO2 concentrations consistent with reductions in SO2 emissions were found to have occurred during both
summer and winter in two of the three U.S. sub-regions with signiﬁcant SO2 emissions (the Northeast and Midwest) and also during the summer in the Southeast sub-region. However, the reported
22% reduction in winter SO2 emissions in the Southeast were not
accompanied by corresponding reductions in ambient SO2 levels.
Meteorological conditions conducive to greater stagnation and
primary pollutant buildup in 2010 may partially explain the
discrepancy but it is also possible that intra-sub-regional differences in seasonal emission patterns coupled with the relatively
sparse SO2 monitoring network could have led to a spurious result.
AQMEII-2 model performance results for SO2 should be examined
closely for the Southeast region to verify if the emissions and
ambient trends are actually consistent with each other.
Comparison of 2006 and 2010 global simulations used to specify
BCs for the AQMEII-2 simulations showed lower seasonal mean
ozone concentrations in 2010 although the differences were relatively small during the summer when ozone production is at a
maximum, thus suggesting limited BC inﬂuences on peak ozone.
Observed 2010e2006 differences in winter mean ozone varied
from positive to negative across the U.S. even at rural sites, raising
the possibility that the broad background ozone reductions predicted by IFS-MOZART are not realistic. AQMEII-2 model performance for ozone at rural sites during winter and spring should be
closely examined to see if a bias is being introduced by lower BCs
derived from IFS-MOZART. There are indications of enhanced ﬁne
dust and sulfate aerosol transport eastward across the Paciﬁc during spring and enhanced ﬁne dust transport westward across the
subtropical Atlantic during winter and spring in 2010 but summer
and fall dust transport across the subtropical Atlantic was reduced
in 2010. The reduced summer African dust transport is quantitatively consistent with observed PM2.5 reductions in Florida.
In general, differences in emissions from U.S. sources and
meteorological conditions during 2006 and 2010 in North America
appear to be consistent with changes in observed air quality at U.S.
monitoring sites except as noted above. Changes in emissions, BCs
and differences in meteorological conditions between these two
years provide an informative test case for examination of regional
coupled model performance under changing conditions. Two potential inconsistencies (higher 2010 winter PM2.5 in the Midwest
and lower than expected winter SO2 reductions in the Southeast)
were noted which warrant further investigation via targeted model
performance analyses by the AQMEII-2 community.
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